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Like in any other diagnostic work-up, a clinical question should always be the starting point. Reasons for referring patients for evaluation of diastolic function include: 1) symptoms or signs of heart failure in patients with preserved LV ejection fraction; 2) the need for an estimate of LV filling pressure in patients with known heart disease; and 3) assessment of cardiovascular risk.
In the following, we will review current knowledge on how to assess diastolic LV function by cardiac imaging, how well validated such assessment is, and which prognostic implications these data have. We will also describe the most important current open questions and unmet needs. In some patients, elevated filling pressure is observed only during exercise; therefore, normal filling pressure at rest does not exclude clinically significant diastolic dysfunction or HFpEF (3, 4) . There is no single noninvasive index that provides a direct measure of relaxation, restoring forces, compliance, or LV filling pressure. However, by using a combination of different noninvasive indexes, it is feasible in most patients to determine if diastolic function is normal or impaired (Central Illustration).
In addition, structural changes (e.g., LV hypertrophy) can indicate abnormalities of diastole and should be considered.
INDEXES OF RELAXATION AND RESTORING FORCES.
Slowing of LV relaxation and loss of restoring forces leads to reductions in velocities of LV lengthening and untwisting and reduces the decay rate of LV pressure during isovolumic relaxation. The latter response can be measured invasively by micromanometer as prolongation of the time constant tau of LV pressure fall. function, e 0 is modified by diastolic pressure, but in the failing heart, e 0 is less load dependent than transmitral velocities (7) . Furthermore, if LV relaxation is slowed, e 0 onset and peak, which normally occur close to onset and peak of the transmitral E wave, are delayed, leading to less dependence of e 0 on LA pressure (8) . Table 1 shows normal reference values for e 0 .
LV early diastolic strain rate provides similar diagnostic information as e 0 and can technically be derived from speckle tracking-based strain imaging, although the comparatively low achievable frame rates make substantial information loss likely.
Although it is independent of cardiac translational motion, less angle dependent, and less affected by tethering from neighboring segments than velocities by tissue Doppler imaging, it presently must be seen as an experimental parameter of relaxation (9) .
Similar to e 0 , LV untwisting velocity is determined by LV relaxation and restoring forces and has the potential to become an important measure of diastolic function (10, 11) . Due to methodological challenges, however, assessment of untwisting velocity is not recommended for routine clinical examinations at the present time (9,10).
Because restoring forces are created by systolic contraction, both e 0 and untwisting velocity are determined in part by systolic function (12, 13) , reflecting the tight coupling between systolic and diastolic function.
There is no clinical method that differentiates between myocardial relaxation and restoring forces. In heart failure, both mechanisms are affected and contribute to slowing of LV isovolumic pressure fall and elevation of minimal LV diastolic pressure.
Restoring forces may play a unique role by creating negative LV diastolic pressure, which represents the driving force for diastolic suction (13, 14) . Restoring forces are generated in systole by a complex set of mechanisms (15) . A key element is storage of energy due to contraction of myocytes and ventricles below resting length (unstressed dimension), and analogous to a compressed elastic spring, the myocardium recoils in early diastole when the ventricle relaxes. Due to ventricular filling, the negative pressures that result from restoring forces may not be observed clinically when LV pressure is recorded, and there is no easy noninvasive method to measure diastolic suction.
Rapid early diastolic mitral-to-apical flow propagation has been proposed as a marker of diastolic suction (16) .
In ventricles with increased end-systolic volumes, restoring forces are attenuated or lost, as indicated by elevation of minimal LV diastolic pressure, and myocardial relaxation becomes an increasingly important determinant of e 0 .
Mitral flow velocities and filling patterns may also be used to evaluate LV relaxation. Reduced decay rate of LV pressure due to slowing of relaxation and loss of restoring forces leads to elevation of minimal LV pressure and therefore a reduction in the early diastolic transmitral pressure gradient and the early transmitral velocity (E) and a compensatory increase in the A wave. The result is a reduction in the E/A ratio 
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Cardiac Imaging for LV Diastolic Function along with prolongation of the deceleration time of E, and this filling pattern is named impaired relaxation.
With further progression of diastolic function, however, this feature may disappear due to compensatory rise in LA pressure, which serves to maintain LV filling, and result in a pattern named pseudonormal filling with normal transmitral E/A ratio. In contrast to "true" normal filling, there is typically an associated reduction in e 0 and often a more marked pulmonary venous reversed velocity during atrial contraction. Such
CENTRAL ILLUSTRATION Schematic Drawing of Diastolic LV Filling
Diastolic left ventricular (LV) filling is shown with simultaneous recordings of left atrial (LA) and LV pressures, the diastolic transmitral pressure gradient, pulmonary venous, transmitral, and transtricuspid flow velocity, and septal tissue (or mitral annular) velocity. Flow velocity and tissue velocity data, together with LA size and systolic pulmonary pressure, are used in echocardiography to infer diastolic LV pressures and hence diastolic LV function.
Cardiac Imaging for LV Diastolic Function S E P T E M B E R 2 0 1 5 : 1 0 7 1 -9 3 pseudonormalization due to increasing LA pressures generated by advanced disease also occurs with other blood flow-based parameters like isovolumic relaxation time, E-wave deceleration time, and pulmonary venous diastolic flow, and constitutes a fundamental problem in the assessment of diastolic function. In summary, impairment of early diastolic function due to slowing of relaxation and loss of restoring forces can be detected noninvasively in clinical routine practice as reduction in e 0 and as a transmitral filling pattern of impaired relaxation ( Figure 2 ). Due to age dependency of both parameters, it is important to use age-adjusted reference values ( Table 1) . There is an association between reduced LV diastolic compliance and short E-wave deceleration time (17) (18) (19) . Values <150 ms are consistent with reduction in LV diastolic compliance in particular when there is also a mitral filling pattern of restrictive physiology (tall E and high E/A ratio). The relationship between E-wave deceleration time and compliance is consistent with theoretical predictions (18) (19) (20) (Figure 3 ). An additional feature of this filling pattern is abbreviated isovolumic relaxation time due to premature opening of the mitral valve caused by elevated LA pressure (21) . Importantly, the relationship between E-wave deceleration time and degree of diastolic dysfunction is nonlinear; therefore, in mild diastolic dysfunction dominated by impaired relaxation, there is prolongation of E-wave deceleration time because of ongoing relaxation during flow deceleration. Furthermore, in However, due to a relatively large volume of blood contained within a normal mitral valve, a substantial fraction of the transmitral pressure gradient is needed to overcome inertia. Therefore, mitral velocity cannot be converted to pressure difference using the Flachskampf et al.
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simplified Bernoulli equation, like in mitral stenosis, and the real pressure gradient is larger than that predicted by the simplified Bernoulli equation. Nevertheless, peak transmitral filling rate correlates well with the transmitral pressure gradient (27, 28 ). An important limitation of peak mitral E as an index of LA pressure is that it reflects only the AV pressure difference. Because LA pressure is the sum of LV diastolic pressure and the transmitral pressure difference, elevated mitral E velocity alone is not sufficient information to conclude that LA pressure is elevated.
Therefore, in normal hearts that have low or even slightly negative early diastolic LV pressures, a tall mitral E obviously does not imply a high LA pressure.
However, in ventricles with reduced ejection fraction or when e 0 is low, impaired relaxation, and therefore elevated LV early diastolic pressure, can be expected.
This is why the combination of a tall E and a low e 0 indicates elevated LV diastolic pressure and is expressed as a high E/e 0 ratio. filling pattern with a tall peak E, short E-wave deceleration time, and small A wave is consistent with elevated LA pressure if e 0 is reduced ( Figure 4 ). As indicated in Table 1 , the lower normal limit for e 0 is 6 to .
Cardiac Imaging for LV Diastolic Function the sample volume records a mix of longitudinal and radial tissue velocities. In these cases, lateral e 0 should not be used. Another measure from the pulmonary venous flow tracing is the ratio between peak systolic velocity and peak diastolic velocity. A ratio of systolic to diastolic peak velocity of <1 is consistent with, but not specific for, elevated LV filling pressure (10); other conditions associated with such a ratio are atrial fibrillation, Flachskampf et al.
Cardiac Imaging for LV Diastolic Function This is a sign of elevated LA and LV filling pressure caused by continuing mid to late pulmonary venous flow. Abbreviations as in Figure 1 .
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Animal studies (11) (Figure 8) . Thus, the loss of rapid untwisting, due to decreased LV restoring forces, deprives the LV of its early diastolic suction mechanism, leads to an increase in LV diastolic pressures, and is a crucial event in the evolution to heart failure symptoms. Published reports are not entirely consistent, however, and increased systolic twisting and diastolic untwisting rates were observed in a group of patients with mild diastolic dysfunction compared with healthy control patients, potentially related to LV hypertrophy and smaller end-systolic volumes in these patients (49) .
In spite of their theoretical attractiveness, however, these rotational events have very small amplitudes-in healthy humans, peak LV twist has been estimated at just 11 AE 4 (47). Thus, the robustness of such measures in clinical practice remains to be determined. The investigators found that lowering blood pressure
improved diastolic function, defined by an increase in e 0 at follow-up, irrespective of the type of antihypertensive agent used (66) . They also found that the participants in the valsartan group improved the isovolumic relaxation time and longitudinal systolic peak tissue velocity. Whether the improvement in early relaxation was due to an actual improvement in the diastolic function of the heart or due to decreased afterload, which is well known to improve the rate of early relaxation (73, 74) , remains unknown. time-volume filling curves, peak filling rates, and time to peak filling rates can be determined (Figure 9 ), which decrease with slowed LV relaxation. Low time resolution and pre-load dependence of filling rates affect their interpretation; thus, nuclear imaging is rarely used to assess diastolic function.
ASSESSMENT OF DIASTOLIC FUNCTION: CARDIAC MAGNETIC RESONANCE
Cardiac magnetic resonance (CMR) is generally regarded as the gold standard for assessing the volume of cardiac chambers and, as such, is well suited to provide LV volume changes over time, which can be converted to filling curves routinely by analysis packages ( Figure 9 ). Similar to the less accurate and temporally coarser nuclear ventriculography data, peak filling rates and time to peak filling are the fundamental parameters. However, in a study examining the use of early and late LV peak filling rates in assessing iron load in thalassemia, which can be directly estimated by T2* CMR (76), these parameters
were not found to be useful. Blood flow velocity can be measured directly (i.e., not via volumetric filling rates) by velocity encoding or "phase-contrast" CMR. Recently, in a small study of women with "signs and symptoms" of ischemia but no epicardial coronary stenosis, CMR was used to evaluate both systolic and diastolic LV function by strain and torsion ( Figure 10 ). Although no differences in systolic strain were found, peak (early) diastolic strain rate and peak untwisting rate seemed to differentiate these "syndrome X" patients from healthy individuals (85) .
An entirely different CMR-specific, albeit indirect, way to assess diastolic function is based on the concept of "T1 mapping," which calculates T1 (or longitudinal) proton relaxation times (in ms) after an electromagnetic pulse and depicts them as pixel intensity (86, 87) . Pathological changes of T1 times in myocardial space may be due to excess water, iron, or protein deposition. T1 mapping can be carried out with or without gadolinium contrast ("native" T1 
ROLE OF AGE AND PHYSICAL EXERCISE FOR THE LIMITS OF NORMALCY
A vexing question is the extent to which age-related changes in diastolic function, and their correlates on imaging, are truly related to aging and thus unavoidable and which changes are due to modifiable factors.
The relaxation constant tau has been found by some (92), but not all (93), investigators to increase with age. showed that only 12% went on to develop overt heart failure over the next 3 years (108). However, in patients with diabetes, asymptomatic diastolic dysfunction and, in particular, E/e 0 ratio >15 (septal e 0 )
have been shown to predict more than a doubling of the rate of overt heart failure over the next 5 years (109, 110) .
OPEN QUESTIONS AND UNMET NEEDS
There continue to be large gaps in our understanding of diastolic heart failure, and delayed relaxation, 
